In the last 25 years, various roles have been ascribed to central and peripheral vision for the perception and control of self-motion. Three basic positions have emerged.
(1) The peripheral dominance hypothesis states that peripheral vision dominates the perception of self-motion, whereas central vision dominates the perception of object motion (Dichgans & Brandt, 1978, p. 777) . On this view, the retinal locus of stimulation plays a causal role in determining self-motion. (2) In contrast, the retinal invariance hypothesis states that self-motion and object motion are perceived on the basis of information in optic flow, independent of the eccentricity of stimulation (Crowell & Banks, 1993; Gibson, 1968) . There is thus no functional specialization for self-motion. (3) The functional sensitivity hypothesis, a combination of the two, proposes that self-motion and object motion are perceived on the basis of optical information but that central and peripheral vision are differentially sensitive to the flow patterns that typically fall on these retinal regions (Andersen & Braunstein, 1985; Stoffregen, 1985; Warren & Kurtz, 1992) Retinal velocity field produced by translation parallel to a ground plane while (a) fixating in the direction ofself-motion at point A or near the horizon at point B, and (b) fixating a spot on the ground plane at point C, which induces a pursuit eye rotation. Vertical line indicates heading direction.
in the periphery tends to be locally lamellar, while in central vision it is more complex and depends on the 3-D structure of the scene. In general, radial and rotary flow patterns are thus less common in the periphery.
The data on retinal sensitivity are mixed (see Warren & Kurtz, 1992 , for a critical review). Initial results favoring the peripheral dominance hypothesis came from the study of vection, or the subjective sensation of selfmotion. Brandt, Dichgans, and Koenig (1973) first reported that circular (yaw) vection was easily obtained with 30°-diameter displays when they were presented 45° to 75° in the periphery, but not when they were presented centrally. Similar results were subsequently reported for roll vection (Held, Dichgans, & Bauer, 1975) and linear vection (Berthoz, Pavard, & Young, 1975) . However, more recent research has shown that vection can also be obtained in central vision. Using radial flow patterns simulating motion through a 3-D cloud of dots, Andersen and Braunstein (1985) reported linear vection with only 7.so central stimulation, and Delorme and Martin (1986) elicited linear vection in an oscillating room with 40° central stimulation. Most convincingly, Post (1988) found equal circular vection in central and peripheral vision with a 30° display, contrary to the peripheral dominance hypothesis.
The peripheral dominance hypothesis initially appeared to generalize to postural responses during standing (Amblard & Carblanc, 1980; Lestienne, Soechting, & Berthoz, 1977) . But subsequent experiments found that postural sway could be elicited by central stimulation as well, using both radial and lamellar flow as small as 15° in diameter (Andersen & Dyre, 1989; Delorme & Martin, 1986; Nougier, Bard, Fleury, & Teasdale, 1997) . Paulus, Straube, and Brandt (1984) even found that spontaneous postural sway when one is viewing a textured wall was substantially lower with 30° of central vision than with 30° of peripheral vision, owing to information from binocular convergence. In a suggestive set of experiments with a moving room, Stoffregen (1985 Stoffregen ( , 1986 reported that both radial and lamellar flow patterns (60° diameter) induced significant postural sway when presented centrally, whereas only lamellar flow was effective 90° in the periphery. This interaction led Stoffregen to propose that the central retina is sensitive to both types of flow but that the peripheral retina is insensitive to radial flow for postural control-the functional sensitivity hypothesis.
In the context of judging the direction of self-motion, Warren and Kurtz (1992) also found that heading accuracy was higher when the focus of expansion (FOE) appeared at the fovea as opposed to the periphery, and they interpreted this result in line with the functional sensitivity hypothesis. However, their displays confounded the retinal eccentricity of the FOE with its position in the display. Crowell and Banks (1993) studied the discrimination of successive flow fields and found a similar four-fold advantage when the FOE was at the fovea, but otherwise constant performance as a function of retinal eccentricity, with a range of radial to lamellar flow patterns. In an ideal observer analysis (Crowell & Banks, 1996) , they concluded that radial flow has a small foveal advantage, and that radial flow is extracted an order of magnitude less efficiently than lamellar flow. Otherwise, the efficiency for both radial and lamellar flow is constant across eccentricity, contrary to any cortical magnification factor but consistent with retinal invariance. In addition, Stoffregen and Riccio (1990) reported that head-dodging responses to radial flow patterns specifying a looming object were equally accurate in central and peripheral (90°) vision.
Even though vection, postural control, and heading perception are to some extent dissociable (Warren & Kurtz, 1992) , it is likely that they share some visual processes in common. With regard to central vision, the literature discussed above offers converging evidence from all three phenomena for central sensitivity to both radial and lamellar flow, leading to the rejection of simple peripheral dominance. With regard to peripheral vision, sensitivity to radial flow has been demonstrated for the cases of heading and looming, but not for vection or posture. Thus, the question of retinal invariance or differential sensitivity remains unresolved. In the present study, we examine it for the case of postural control during locomotion.
Visual Control of Posture During Locomotion
To keep balance during locomotion, observers must make adaptive postural adjustments while maintaining forward progression. As in the case of standing posture, optic flow at the eye of a walking observer contains information that specifies the appropriate compensatory responses. By manipulating a visual "driver" display for an observer on a treadmill, we have recently shown that both radial flow and motion parallax information are used to control postural sway during walking (Bardy, Warren, & Kay, 1996; Warren, Kay, & Yilmaz, 1996) . In general, compensatory sway isfunctionally specific to the specified disturbance; it is (I) directionally specific or in the direction specified by the flow pattern, (2) isotropic or of comparable amplitude in all driver directions, and (3) strongly coupled to the visual driver with a high cross-correlation in all directions.
The present experiments were designed to test whether these postural responses depend on the retinal eccentricity of the display. We presented radial and lamellar flow patterns in central and peripheral vision to subjects walking on a treadmill, and we measured their postural sway. The retinal invariance hypothesis predicts that postural responses will be functionally specific at all eccentricities. In contrast, the differential sensitivity hypothesis predicts functionally specific responses to both radial and lamellar flow in central vision, but only to lamellar flow in peripheral vision. Finally, the peripheral dominance hypothesis predicts functionally specific responses with peripheral but not central stimulation. The results are consistent with retinal invariance.
EXPERIMENT 1
Displays (22° in diameter) of a frontal surface oscillating sinusoidally in depth were presented to observers walking on a treadmill, while postural sway was estimated from a marker on the neck. In Experiment 1, we tested two flow patterns corresponding to postural sway in two directions (see Figure 2 ): a radial flow pattern with the FOE at the center of the display (0° flow), and an intermediate flow pattern with an implicit FOE 30° from the center of the display (30° flow). These were presented in both central vision (0° eccentricity) and peripheral vision (30° eccentricity). The displays included an oscillatory component corresponding to postural sway but not a constant-velocity component corresponding to forward progression, for previous results showed that postural responses are similar with or without the latter (Warren et aI., 1996) . The range of flow patterns and retinal eccentricities was extended in Experiment 2.
Method
Subjects. Eight subjects, 20 to 30 years of age, were paid to participate in the experiment. They included 7 graduate students and the first author, who was the only one informed about the aim of the study.
Apparatus. Displays depicted a random-patch frontal wall that oscillated in depth (the visual driver), simulating a sinusoidal oscillation of the observation point. i These were generated on a Silicon Graphics Iris 401310 VGX workstation at a frame rate of 60 Hz and presented on a rear-projection screen (2.94 m horizontal [H] X 2.17 m vertical [V]) using a BARCO Graphics 800 video projector with a 60-Hz refresh rate. Each subject viewed the screen from a distance of approximately 1.2 m while walking on a motor-driven treadmill (Quinton Q-55, 0.5 X 1.3 m belt) at a constant speed of I m/sec. Image resolution was 1,280 H X 1,024 V pixels. The square wall consisted of 256 white squares (each 1.5 cm 2 ) in random positions and orientations on a blue background and subtended a mean visual angle of e = 22· over one cycle of oscillation, equivalent to a 0.5-m-diameter surface at the screen distance of 1.2 m. It oscillated in depth at a frequency off = 0.25 Hz, with a peakto-peak amplitude of either A = 6.4 cm (total change in visual angle of 1.2·, mean expansion rate over one half-cycle of i)je = 0.026/sec) or A = 10.7 cm (change of2.0·, mean expansion rate of 0.044/ sec). The subject's field of view was restricted to the screen by a head-mounted sport mask.
Design and Procedure. Two eccentricity conditions were crossed with two flow conditions (Figure 2 ). In the central condition (0· eccentricity), the treadmill was oriented perpendiCUlar to the screen and subjects were instructed to look straight ahead,2 so the center of the display was presented in central vision. In the peripheral condition (30· eccentricity), the treadmill was rotated 30· to the left, so that the same display was presented in the right hemifield. In this case subjects looked at a square fixation marker (0.1 ° diameter) straight ahead on the screen at a distance of 1.4 m. The 0° flow condition presented a radial flow pattern produced by oscillation of the eyepoint along an axis perpendicular to the screen (a driver direction of a = 0°), so that the FOE was at the center of the display. The 30' flow condition presented an intermediate flow pattern that included both radial and lamellar components, produced by oscillation of the eyepoint along a diagonal axis (a driver direction of a = 30°), so the implicit FOE was 30° to the right of display's center and, on the average, 19° to the right of the display's edge. A third variable of driver amplitude was also manipulated (A = 6.4 cm and 10.7 cm peak to peak), for a total of eight conditions.
The subjects walked on the treadmill while viewing the screen monocularly with the right eye. They were instructed to "go with the flow" and not consciously anticipate or resist the display motion. A familiarization period included 3 min of practice walking on the treadmill with the room lights on and no display, followed by 3 min of practice walking with a display of a static wall, and 3 min of practice with an oscillating wall. There were 6 trials in each of the eight test conditions, plus 6 control trials (three in each eccentricity condition) using a display of the same random-patch wall with no oscillation, for a total of 54 trials in a I-h session. On each trial, the display was presented for 20 sec to allow the subject to achieve a steady state, followed by a 30-sec data sample. Trials were blocked by eccentricity condition; experimental trials in each of the flow conditions and control trials were all randomized within each block. Block presentation was counterbalanced for order between subjects.
Data acquisition and analysis. As a measure of body sway, we recorded the motion of a 1.5-cm reflective marker mounted on the left side of the subject's neck, in a location that minimized the effects of neck flexion and extension. Although this did not allow detailed analysis of trunk movement, a neck marker was sufficient to determine the direction and amplitude ofthe overall sway response. Marker position in three dimensions was measured with a two-camera ELITE infrared motion analysis system (Ferrigno & Pedotti, 1985) at a sampling rate of 100 Hz. The two cameras were placed on the subject's left side, and measurements were accurate to I mm in the saggital plane and 2 mm along the lateral body axis. A 30-sec data sample was initiated by a signal from the graphics workstation, so that the relative phase between the display and postural sway could be determined.
For each trial, the time series of body sway was fit with a cosine at the driver frequency, leaving amplitude and phase as free parameters; the same cosine was fit to the control trials as a baseline measure. As is noted in Warren et al. (1996) , this method gives results identical to performing a discrete Fourier transform at the driver frequency alone. Because sway could occur in any direction, this cross-correlation was computed at 2° intervals in the horizontal plane and the direction with the maximal sway amplitude was determined. We used this iterative method because the function relating sway amplitude to direction is complicated to infer from responses in two cardinal directions (see Granat, Barnett, Kirkwood, & Andrews, 1991) . This method was successully applied previously (Bardy et al., 1996; Warren et al., 1996) . The resulting mUltiple R value provided an estimate of the overall strength of the coupling between the driver and sway. 3 Thus, the dependent variables were (I) the direction ex' having the maximal amplitude of sway, (2) the peak-to-peak amplitude A'max of sway in that direction, (3) the cross-correlation R between the driver and sway in that direction, and (4) the phase angle <p between driver and sway. Standard circular statistics (Batschelet, 1981) were used for computing means of direction and phase as well as relevant inferential statistics. Further methodological details are described in Bardy et al. (1996) and Warren et al. (1996) .
Results and Discussion
The mean direction and amplitude of sway in each eccentricity and flow condition are plotted in Figure 3 , and detailed results appear in Table I . The circumference in Figure 3 represents the direction of sway with respect to the display (e.g., 0° is the center of the display, the predicted sway direction with 0° radial flow); the direction of sway with respect to the body (and hence the retinal eccentricity) is indicated by the labels A/P for anterior/ posterior and LlR for left/right. This way of plotting the data means that, if responses are functionally specific to the flow pattern regardless of eccentricity, central and peripheral plots will look similar.
The displays elicited postural sway in all 8 subjects, as is shown by significantly greater cross-correlations between driver and sway in experimental trials than in control trials (t tests for each subject,p < .05 or better). Overall, the mean cross-correlation was R = .69 (SD = .20, N = 384) on experimental trials and R = .16 (SD = .05,
In addition, the mean amplitude of sway was significantly greater in experimental trials (11.65 cm) than in control trials (1.26 cm) [t(430) = 1O.40,p < .0001]. These differences were statistically reliable in every condition (Table 1 , columns 6 and 8), indicating a significant postural response to both flow patterns at both eccentricities.
Several points should be noted: First, responses to radial and intermediate flow patterns were directionally specific in both central and peripheral vision. Second, the cross-correlations between driver and sway were similar at both eccentricities. Third, responses were isotropic-that is, sway amplitude was similar in both driver directions-at both eccentricities. Fourth, response amplitude was functionally related to driver amplitude at both eccentricities. However, the overall amplitude of sway was lower in the peripheral than in the central condition. Let us discuss these results in detail.
Direction of sway. As expected, the mean direction of sway closely matched the driver direction in each condition (Table 1 , column 4). For every subject, there was a significant circular correlation between driver and sway directions, with a mean ofr = .88 (p < .0001, N = 384). Furthermore, responses for all trials in each condition (N = 48) significantly clustered around a mean direction of sway, as shown by Raleigh tests that ranged from r = .77 to r = .97, allps < .05 or better. The 95% confidence interval about this mean direction of sway contained the driver direction in every condition, indicating that subjects swayed in the direction specified by the driver, with only one exception (peripheral, 0° flow, high amplitude). indicating that coupling strength was significantly weaker with the smaller driver. Sway amplitude. The mean peak-to-peak amplitude of body sway in each condition (Table I , column 6) indicates that responses were isotropic-that is, having highly similar amplitudes in both driver directions. A four-way ANOVA of sway amplitude revealed, first, no effect of central and peripheral vision. Given the observed variance (S2 = 17.38), the present experiment had sufficient power to detect a mean cell difference of 3.8 cm. Sway amplitude was 4 cm greater with the large driver than with the small driver [F(1,7) = 15.38,p < .01], with no interactions. This indicates that responses to both flow patterns were functionally linked to the amplitude ofthe driver at both eccentricities.
The only unexpected finding was that mean sway amplitude was significantly lower in the peripheral condition (9.12 cm, SD = 6.00) than in the central condition (14.17 cm, SD = 6.37) [F(l,7) = 14.85, p < .01]. Note that this effect was due to the retinal eccentricity of the entire display, not the eccentricity of the FOE; when the implicit FOE appeared in the same retinal location (+30° eccentricity), sway responses were still 4 cm smaller in the peripheral condition with radial flow (9.86 cm) than in the central condition with intermediate flow (13.75 cm) (Newman-Keuls p < .05). Conversely, however, when the entire display appeared in the same retinal location, there was no effect of the position of the FOE. Thus, the magnitude of sway was independent of the retinal locus of the FOE, but it depended on the retinal locus ofthe entire display.
Finally, the ANOVAs showed no effect of the trials factor on either sway amplitude Thus, the results provide evidence that compensatory sway is functionally specific to the structure of optic flow in both central and peripheral vision. In particular, postural sway (1) was directionally specific to the flow pattern, (2) was isotropic in amplitude across driver directions, (3) had similarly strong cross-correlations with the display, and (4) covaried with display amplitude, whether the stimulation appeared centrally or peripherally. This indicates that peripheral vision is sensitive to radial as well as lamellar flow for purposes of postural control, contrary to the functional sensitivity hypothesis. This pattern of results is consistent with retinal invariance, at least out to an eccentricity of 30°.
The only anomalous result was that the amplitude of sway was actually smaller with peripheral than with central stimulation, and that mean phase was closer to zero in the periphery. One possible explanation is that the peripheral eccentricity tested (30°) is adjacent to the "blind spot," located at 15°-20° along the nasal retina (Pirenne, 1967) , perhaps making the driver amplitude harder to detect. A more likely possibility is that the lower amplitude is an artifact of using a fixation marker in the peripheral condition only. A stationary fixation point could contribute to the stabilization of posture. In addition, stabilized gaze may allow greater sensitivity to the phase of oscillation of the display. Paulus, Straube, Krafczyk, and Brandt (1989, Figure 6) found that a similar monocular fixation spot (0.07 0 at 0.4 m) in the dark did not reduce spontaneous standing sway in comparison with an eyes closed condition, but our testing situation induced much greater sway. Both of these confounds were eliminated in the second experiment.
EXPERIMENT 2
The purpose of Experiment 2 was to extend the range of retinal eccentricities and flow patterns tested. Our initial finding that peripheral vision is sensitive to both radial and intermediate flow patterns appeared to contradict previous reports that radial flow is ineffective in the periphery (Stoffregen, 1985 (Stoffregen, , 1986 . However, whereas Stoffregen's peripheral display appeared at a retinal eccentricity of 90 The area centralis in the human retina is about 6 mm in diameter and subtends roughly 10 0 -15° centered on the fovea (Buser & Imbert, 1987) . In the self-motion literature, eccentricities ranging from 20 0 to 90° are often referred to as peripheral. Thus, our display was at the lower end of the peripheral range, and it is possible that responses to radial flow might deteriorate at greater eccentricities. In the present experiment, we tested a larger range of eccentricities (0 0 , 45°, 60°, 90°). Second, previous researchers have compared radial flow with pure lamellar flow, whereas we used an intermediate flow pattern that contained both radial and lamellar components. Thus, in Experiment 2 we also tested a wider range of flow structures, including pure radial (0° flow), intermediate (45° flow), and pure lamellar (90° flow), crossed with the four eccentricities. Finally, to eliminate the fixation confound, a fixation point was pres~nted in all conditions.
Method
The displays, procedure, and data analysis were the same as in Experiment I, with the following three exceptions. First, the flow conditions included a radial pattern, a lamellar pattern, and an intermediate pattern midway between them. Specifically, the 0° flow condition was similar to that of Experiment I, with the FOE at the center ofthe display, corresponding to oscillation along an axis perpendicular to the screen. The 45°flow condition had an intermediate pattern corresponding to oscillation along the main diagonal axis, such that the virtual FOE was 45° to the right of the center of the display. The 90° jlow condition was a pure lamellar pattern corresponding to oscillation along an axis parallel to the screen, such that the virtual FOE was at 90°. Second, retinal eccentricities included the central condition of Experiment I (0° eccentricity) and three new peripheral conditions (45°, 60°, 90° eccentricity). For the latter conditions, the treadmill was turned to the left, so that the same visual displays were presented in the right hemifield (see Figure 2) . To occlude the surrounding room, black curtains were hung on either side of the screen, perpendicular to it. Third, a fixation point (0.1 ° diameter) appeared directly in front of the treadmill at eye level in all conditions. For eccentricities of 0° and 45°, the fixation point was a red dot projected on the screen, whereas for ec- POSTURAL CONTROL 1363 centricities of 60° and 90° it was a red LED attached to the curtain on the left side of the screen. We tested the same driver frequency (0.25 Hz) and one ofthe two amplitudes (A = 10.7 cm) from Experiment I. The three authors and 9 graduate students at Brown University, 21 to 2~ ~ears o~ age, were paid to participate. None of the students had pru:tlclpated m the first experiment, nor were they informed about the aim of the study. Each subject received 5 experimental trials in each of the 12 conditions plus 5 control trials with a static display for a total of 65 trials. Trials were blocked by eccentricity condition, with condition order counterbalanced across subjects.
Results
The mean sway direction and amplitude in each condition are presented in Figure 4 , and details appear in Table 2 . Overall, the mean cross-correlation and sway amplitude were greater in experimental trials (R = .72,
A ,
= 11 29 cm N = 720) than in control trials (R = max . ,
.15, A 'max = 1.35 cm, N = 60) (t(778) > 11.37,p < .ooq.
This difference was statistically reliable in every condition (Table 2 , columns 5 and 7), indicating a significant postural response to all flow patterns at all eccentricities. Four points should be noted about the results. First, the difference in amplitude between central and peripheral conditions observed in Experiment 1 disappeared. Second, sway was strongly coupled to the driver and sway amplitudes were isotropic across driver directions, regardless of retinal eccentricity. Third, the direction of sway closely matched the driver direction in both the radial and the lamellar conditions, but in the intermediate condition it was consistently biased toward the lamellar driver direction. Fourth, subjects followed the driver with about a 20° phase lag in all conditions. We shall discuss these points in detail.
Sway amplitude. Unlike in Experiment I, the amplitude of sway was comparable at all eccentricities, with means of 12.59 cm (SD = 6.33) in the 0° central condition, 10.94 cm (SD = 6.79) in the 45° peripheral condition, 11.47 cm (SD = 6.07) in the 60° peripheral condition, and 10.17 cm (SD = 7.28) in the 90° peripheral condition. In addition, sway amplitude was similar in all driver directions, with means of 10.57 cm for radial flow, 11.09 cm for intermediate flow, and 12.22 cm for lamellar flow. A three-way repeated measures ANOVA of sway amplitude (flow x eccentricity X trials) yielded no main effects of eccentricity (F(3,33) [F(6,66) = 1.471, P > .05]. A power analysis showed that for the observed eccentricity effect to have reached significance would have required 526 subjects, given the observed variance (S2AXS = 149.73), and that the observed flow effect would have required 374 subjects, given the observed variance (S2 BXS = 55.00), implying that the risk of a Type II error in either case was low. For the eccentricity x flow interaction, the present experiment had sufficient power to detect a mean cell difference of2.8 cm, given the observed variance (S2 AXBXS = 45.77). This implies that the sway amplitudes were similar The circumferential coordinates (0° to 180°) represent sway direction with respect to the center of the display, whereas the subject's body axes are indicated by A-P and L--R; in peripheral conditions, the body axes are rotated with respect to the display by -45°, -60°, or -90°. Arrows indicate the orientation ofthe treadmill. Driver frequency = 0.25 Hz, driver amplitude = 10.7 cm.
in the radial, lamellar, and intermediate flow conditions at all eccentricities. Thus, the lower sway amplitude that was observed in peripheral than in central conditions in Experiment 1 was eliminated in Experiment 2. It seems likely that this was due to the addition of a fixation point in the central (as well as peripheral) conditions, so that its stabilizing effect was equivalent at all eccentricities.
A general trials effect was observed this time [F(4,44) = 3.49, p < .05], accounting for only 1 % of the total variance, indicating a small but significant increase in body sway over the course of a session. Because trials were blocked by eccentricity and counterbalanced for order, this effect appears to have been an adaptation to the displays and testing situation, rather than a specific response to a particular flow or eccentricity condition. This was confirmed by the absence of a significant trial X flow interaction [F(8,88) or of any other factor, nor was there any interaction. A power analysis showed that for the observed eccentricity effect to reach significance would require 314 subjects given the observed variance (S2 = 0.713), and that the observed flow effect would require 346 subjects given the observed variance (S2 = 0.202), implying that the risk of a Type II error in either case was low. For the eccentricity X flow interaction, the present experiment had sufficient power to detect a mean cell difference in R of .08, given the observed variance (S2 = 45.77). This suggests that coupling strength was strong and comparable in all flow conditions at all eccentricities.
Directional specificity. For every subject, there was a significant circular correlation between driver and sway directions, with a mean ofr = .67 (p < .0001, N = 720). In each condition, trials were significantly clustered about a mean direction rather than being randomly distributed (Table 2, .001]. In addition, the 95% confidence interval of observed sway contained the specified driver direction in all lamellar conditions and in all but one radial condition (at 45° eccentricity). However, in three of the four intermediate 45° flow conditions, the direction of sway was biased toward the 90° driver direction (i.e., parallel to the screen), in the direction oflamellar flow. Thus, responses were not directionally specific with 45° flow displays. Note that this was due to the structure of the flow pattern, not to the retinal eccentricity, for a similar bias occurred at eccentricities of 0°, 45°, and 60° (there was only a nonsignificant trend in this direction at the 90° eccentricity). We believe that this bias was due to triangulation errors with restricted samples of the flow field (see the General Discussion).
Driver sway phase. In each condition, trials were significantly clustered around a mean phase, with Raleigh tests ranging from r = .58 to r = .93 (N = 72, ps < .05 or better) ( = -33.2° ). Again, this was likely due to the addition of a fixation point in the central condition, so that stabilized gaze may have allowed the visual system to be more sensitive to display phase.
In sum, these results replicate and extend those of Experiment I by showing that a 22 ° patch of optic flow can significantly influence postural sway at retinal eccentricities ranging from 0° to 90°. Responses were directionally specific at all eccentricities with radial and lamellar flow, and even the directional bias observed in the intermediate flow condition was consistent across eccentricity. Furthermore, we found no evidence of differences in sway amplitude, cross-correlation, or phase as a function of eccentricity, and the power analyses indicated that the probability of erroneously accepting these null hypotheses was low. This pattern of similar adaptive responses across a wide range of eccentricities is consistent with the retinal invariance hypothesis.
GENERAL DISCUSSION
The present data indicate that the structure of optic flow is more important than the retinal locus of stimulation for controlling posture during locomotion. The main result of both experiments is that postural responses are functionally specific to radial, intermediate, and lamellar flow patterns, whether they appear in central or peripheral vision. Compensatory sway was strongly coupled to the driver, directionally specific, isotropic over driver direction, with large amplitudes and a constant phase, at all retinal eccentricities. The conclusion of functionally specific responses is warranted, first of all, by the fact that sway amplitudes and cross-correlations were statistically greater than control levels at all eccentricities. Second, it is supported by the finding that sway was directionally specific and covaried with driver amplitude at all eccentricities. The more difficult claim is that the sway amplitudes and cross-correlations were actually similar for all flow patterns at all eccentricities. We have obtained no evidence that postural responses to optic flow differ as a function of eccentricity, and the power analyses indicated that the likelihood of erroneously accepting the null hypothesis was small. These observations have obvious implications for the three self-motion hypotheses.
First, the results clearly contradict the hypothesis that peripheral vision dominates the perception and control of self-motion. Central stimulation (0° eccentricity) elicited postural responses that were just as large and adaptive as those for peripheral stimulation (30°, 45°, 60°, 90° eccentricity). This finding is consistent with previous results demonstrating significant responses for standing posture in central vision (Andersen & Dyre, 1989; Delorme & Martin, 1986; Paulus et aI., 1984; Stoffregen, 1985 Stoffregen, , 1986 , as well as centrally induced vection (Andersen & Braunstein, 1985; Howard & Heckmann, 1989; Post, 1988) and accurate central heading judgments (Crowell & Banks, 1993; Warren & Kurtz, 1992) . The peripheral dominance hypothesis must be rejected.
Second, the results are inconsistent with the functional sensitivity hypothesis, which states that the peripheral retina is insensitive (or markedly less sensitive) to radial flow for self-motion. We find that peripheral as well as central vision yields functionally specific postural responses to radial flow patterns. This is consistent with previous results showing accurate peripheral heading discrimination (Crowell & Banks, 1993) and avoidance of looming objects (Stoffregen & Riccio, 1990) . However, it appears to be at variance with Stoffregen's (1985 Stoffregen's ( , 1986 observation that peripheral radial flow did not elicit postural sway during standing. What might account for the difference in our results?
A likely possibility is that our displays had larger amplitudes, and hence higher optical velocities, than did those of Stoffregen. Our driver amplitudes of 6.4 and 10.7 cm peak to peak yielded mean expansion rates of 0.026/sec and 0.044/sec over a half-cycle of oscillation. These are an order of magnitude larger than Stoffregen's, about 0.002/sec (1985, Experiment 3) and 0.005/sec (1986, Experiment 2).4 Given that thresholds for motion detection and speed and direction discrimination all increase with eccentricity (Crowell & Banks, 1996; McKee & Nakayama, 1984; van de Grind, Koenderink, & van Doom, 1986) , it is likely that Stoffregen's radial flow patterns were harder to detect in the periphery than ours, reflecting a general property of the visual system rather than a functional specialization. Consonant with this interpretation, reports of accurate peripheral heading discrimination (Crowell & Banks, 1993) and avoidance responses (Stoffregen & Riccio, 1990 ) also were based on much higher mean expansion rates, around 2.0/sec and 0.6/sec, respectively. Although our expansion rates may be higher than those typical of standing sway, they are relevant to postural control during walking, when sway is greater.
Third, the present data support a retinal invariance hypothesis for postural control. The postural adjustments that we have observed are adaptive directional responses to the flow pattern regardless of its retinal eccentricity and even have similar amplitudes, cross-correlations, and phases in central and peripheral vision. This retinal invariance is similar to the recent data on heading judgments, with the exception of a narrow foveal advantage for radial flow patterns (Crowell & Banks, 1993 Warren & Kurtz, 1992) . Why didn't we find this foveal advantage in postural responses? One possibility is that a foveal advantage that can be revealed by sensitive psychophysical tests may simply not show up in noisier postural responses. Another possibility is that, rather than a specialization for radial flow, the advantage is due to high acuity for the position and motion of elements near the FOE when it appears at the fovea. It is likely that such acuity would be degraded by large head movements dur-.. ' .. ' .. ' .. ' ing locomotion. In either case, the import of our results is that the functional use of optic flow in the control of behavior appears to be retinally invariant.
Finally, it may seem puzzling that postural responses were directionally specific with radial and lamellar flow, but biased with the 45° intermediate flow. We believe that this effect is attributable to the structure of the flow pattern, as follows. The required direction of sway is specified by the location of the FOE in the field of viewthe common point of intersection of all visible flow vectors. The visual system must, in effect, triangulate the visible flow vectors to locate the FOE. As Koenderink and van Doorn (1987) have pointed out, given that there is constant unbiased noise in extracting the direction of local velocity vectors, this can introduce triangulation errors in localizing the FOE (see Figure 5) . Specifically, as the flow pattern is sampled farther from the FOE, the error in localizing the common point of intersection will increase, and a constant bias toward the opposite side of the true FOE will also increase. Thus, a pure radial pattern will yield minimum variable error and no bias, but as intermediate flow patterns become more lamellar, both the variable error and constant bias will increase. Indeed, when Banks (1993, 1996) asked subjects to discriminate the headings of two successive flow patterns (thus measuring only the variable error), they found low errors with pure radial patterns (threshold = 0.2° with a 0° radial flow) that increased as the flow became more lamellar (threshold = 3° with a 30° intermediate flow). In our postural data, a constant bias does not show up with a 30° intermediate flow, but appears with a more lamellar 45° intermediate flow pattern in the expected direction. The fact that a reliable bias recurred at three eccentricities (0°, 45°, 60°), with a consistent trend at the 90° eccentricity, only reinforces the visual system's dependence on the structure of the flow pattern over the retinal region of stimulation.
In s~m, our results favor the retinal invariance hypothesIS that both central and peripheral vision can use radial and lamellar flow to control posture during walking. This is what one might expect from an adaptive postural system, for it is desirable that balance be adequately stabilized regardless of where the observer is looking. Control principles for posture during locomotion thus appear to be based primarily on the structure of the optic flow pattern, regardless of its retinal eccentricity.
